Abstract. In this paper, an encoderless finite-control-set model predictive control (FCS-MPC) strategy for doubly-fed induction generators (DFIGs) based on variable-speed wind turbine systems (WTSs) is proposed. According to the FCS-MPC concept, the discrete states of the power converter are taken into account and the future converter performance is predicted for each sampling period. Subsequently, the voltage vector that minimizes a predefined cost function is selected to be applied in the next sampling instant. Furthermore, a model reference adaptive system (MRAS) observer is used to estimate the rotor speed and position of the DFIG. Estimation and control performance of the proposed encoderless control method are validated by simulation results for all operation conditions. Moreover, the performance of the MRAS observer is tested under variations of the DFIG parameters. Notation N, R, C are the sets of natural, real and complex numbers. x ∈ R or x ∈ C is a real or complex scalar. x ∈ R n (bold) is a real valued vector with n ∈ N. x is the transpose and x = √ x x is the Euclidean norm of x. 0n = (0, . . . , 0) is the n-th dimensional zero vector. X ∈ R n×m (capital bold) is a real valued matrix with n ∈ N rows and m ∈ N columns. On×m ∈ R n×m is the zero matrix. x y z ∈ R 2 is a space vector of a rotor (r), stator (s) or filter (f ) quantity, i.e. z ∈ {r, s, f }. The space vector is expressed in either phase abc-, stator fixed s-, rotor fixed r-, or arbitrarily rotating k-coordinate system, i.e. y ∈ {abc, s, r, k}, and may represent voltage u, flux linkage ψ or current i, i.e. x ∈ {u, ψ, i}.
Introduction
The electrical power generation by variable speed wind turbines (WTs) has increased significantly during the last years contributing to the reduction of carbon dioxide emissions and to a lower environmental pollution [1] . Among various wind energy conversion systems (WECSs), WECSs with doubly-fed induction generator (DFIG) have been the dominant technology in the market since the late 1990s [1] . DFIGs can supply active and reactive power, operate with a partial-scale power converter (around 30% of the generator rating), and fulfill a certain ride through capability [2] . Operation above and below synchronous speed is possible [2] . Fig. 1 shows a DFIG mechanically coupled to the wind turbine via a shaft and gear box with ratio g r ≥ 1. The stator windings of the DFIG are directly tied to the grid, whereas the rotor winding is tied via a back-to-back partial-scale voltage source converter (VSC), and a filter to the grid. The grid side converter (GSC) and the rotor side converter (RSC) share a common DC-link. Currently, field oriented control (FOC) and direct torque control (DTC) methods dominate both academic and industrial applications for RSC [3] . For GSC, voltage oriented control (VOC) and direct power control (DPC) are two popular methods [3] . However, with the development of faster and more powerful digital signal processors, the implementation of new control strategies such as fuzzy logic and predictive control is possible [4] . One of the most promising predictive controllers in power converters and electric drives is the finite-control-set model predictive control (FCS-MPC) [4] - [6] , which exploits the finite number of switching states of the power converter for solving an optimization problem. Lately, the interest in encoderless control techniques is increasing due to cost effectiveness and robustness, which means that the controllers must run without the information of mechanical sensors (such as encoders or transducers) mounted on the shaft [3] . The required rotor speed/position must be estimated via the information supplied by electrical (e.g. current/voltage) sensors which are cheap and easier to install than mechanical sensors. Furthermore, mechanical sensors decrease the drive system reliability due to their high failure rate, which means shorter maintenance periods and, consequently, higher costs [3] . Encoderless vector control techniques for DFIGs have been proposed by several researchers [7] - [10] . The encoderless method presented in [7] is open-loop and relies on rotor current estimator in which the estimated and measured currents are compared to get the rotor position. The application of model reference adaptive system (MRAS) observers for encoderless control of DFIGs has been reported in [8] , where MRAS observers are diversified with different error variables, e.g. stator and rotor currents and fluxes. The encoderless control approach in [9] relies on signal injection. Another alternative is the use of an extended Kalman filter (EKF) [10] . However, encoderless FCS-MPC is rarely presented in the literature [11] . In this paper, a FCS-MPC strategy for DFIGs based on variable-speed WTSs is proposed. The proposed control system uses a MRAS observer for estimation of the DFIG rotor speed and position. Estimation and control behavior of the proposed encoderless control method are illustrated by simulation results for all operation conditions. Moreover, the behavior of the proposed MRAS observer is investigated under variations of the DFIG parameters.
Modeling of the WECS with DFIG
The block diagram of WECS with DFIG is shown in Fig. 1 . The RSC and the GSC share a common DC-link with capacitance C dc [As/V] with DC-link voltage u dc [V].
Wind turbine (WT)
The output mechanical power of a WT is given by [10, 12] 
and the pitch angle β ≥ 0 [ • ] of the rotor blades. In reality, the power coefficient ranges from 0.4 to 0.48 [10, 12] .
Doubly-Fed induction generator (DFIG)
The stator and rotor voltage equations of the DFIG can be written as follows [2] :
where (considering linear flux linkage relations)
Here u abc [1] , the electrical angular frequency of the rotor is given by ω r = n p ω m and the rotor reference frame is shifted by the rotor angle φ r (t) = t 0 ω r (τ )dτ + φ 0 r , φ 0 r ∈ R, with respect to the stator reference frame (φ 0 r is the initial rotor angle). Equation (3) can be written in the stationary/rotating reference frame as follows x k = T P (φ) −1 x s = T P (φ) −1 T C x abc by using the Clarke and Park transformation (see, e.g., [12] ), respectively, given by (neglecting the zero sequence)
where
, and x s = (x α , x β ) . The rotor voltage equation (3) with respect to the stationary reference frame (i.e. u s r = T P (φ r ) −1 T C u abc r ) can be expressed as
where (5) with (7) where ω sl (t) := ω s − ω r (t) is the slip angular frequency. Since, e.g., ψ
For a stiff shaft and a step-up gear with ratio g r ≥ 1, the dynamics of the mechanical system are given by
is the electro-magnetic machine torque 
Back-to-back converter and DC-Link
As shown in Fig. 1 , a balanced generator and grid are assumed in this paper. The output voltage of the RSC and GSC can be calculated as follows [12] : Fig. 2 . The DC-link dynamics are given by [12] (neglecting resistive losses)
are the rotor and grid side DC-link currents (see Fig. 1 ). 
flow from the grid to the GSC. Invoking Kirchhoff's voltage law at the AC side of the GSC [12] gives
Here
is the output voltage of the GSC. The voltage equation (15) can be expressed in the rotating reference frame (grid voltage orientation) as follows
Maximum power point tracking (MPPT)
For wind speeds below the rated wind speed of the WT, maximum power tracking is the required control objective. Consequently, the pitch angle is kept constant at β = 0 and the WT must operate at its optimal tip speed ratio λ (a constant) where the power coefficient has its maximum c p := c p (λ , 0) = max λ c p (λ, 0). Thus, the WT can extract the maximally available power p t := c p (8) in (7), the rotor voltage u k r (t) can be written as
Invoking (8), the stator current i k s (t) can be expressed as
and substituting (19) in (18) gives
where (7) and ψ k s (t) from (8) in (20) gives
. (21) Solving (21) for
k r (and writing out both components) yields
The FCS-MPC approach uses a discrete-time model for the prediction of the currents at a future sample period.
For discretization the forward Euler method with sampling time T s [s] is applied to the time-continuous model (22). The discrete model of the DFIG can be written as
In this paper, for the RSC, the chosen cost function is defined by (24) is applied at the next sampling period. However, the future reference current i k r,ref [k + 1] value is unknown. Therefore, it has to be predicted from present and previous values of the current reference using Lagrange extrapolation as follows [5] : 
FCS-MPC for GSC
Again, applying the forward Euler method to (16), the discrete model of the grid side filter can be written as follows
For the GSC, the cost function is defined by 
MRAS observer
The MRAS observer is consist of two models [8] : a reference model and an adaptive model, see Fig. 3 . In this paper, the reference model (see left part in Fig. 3 ) is fed by the measured stator current i 
The adaptive model (see right part in Fig. 3 ) is fed by the estimated rotor currentî s r (t) and the measured rotor current i r r (t) in the rotor reference frame. The objective of the adaptive model is to estimate rotor positionφ r (t) and rotor speedω r (t). To achieve that the estimated and the measured rotor current must be compared; to do so, the estimated rotor currentî s r (t) (in the stator reference frame) must be expressed in the rotor reference frame, i.e.î r r (t) = T P (φ r (t)) −1îs r (t). The "error" between estimatedî r r (t) and measured rotor current i r r (t) is defined as
The PI controller forces this error to zero by adjustingω r (t). Its output is the estimated speed ω r (t) which is integrated to obtain the estimated rotor angleφ r (t). For more details see [8] .
Simulation Results and Discussion
A simulation model of a 50kW WECS with DFIG is implemented in Matlab/Simulink. The system parameters are listed in Table 1 . The implementation is shown in Fig. 1 The estimation performance of the proposed MRAS observer under variable wind speeds is shown in Fig. 4 . This wind speed range covers almost the complete speed range of the DFIG (i.e. ±30% around the synchronous speed). Fig. 4 illustrates the tracking ability of the MRAS observer of the rotor speed and position at low and high speeds, and close to synchronous speed. An acceptably high estimation accuracy is achieved as the estimation error is very small. The FCS-MPC performance of the rotor side converter (RSC) under variable wind speed is illustrated in Fig. 4 . It is clear that the RSC control system ensures tracking of the maximum power from the wind turbine. The actual rotor currents i Thus, the MPPT capability is ensured. The tip speed ratio λ is following the optimal value λ * . Subsequently, the power coefficient c p (λ) is kept close to its maximal (optimal) value c p ≈ 0.48. In order to check the robustness of MRAS observer and FCS-MPC under (unknown) parameter variations of the DFIG, the value of the stator resistance R s and rotor resistance R r is increased by 25% (e.g. due to warming or aging) at t = 0.3s. For this scenario, Fig. 5 shows the estimation and control performances of the proposed MRAS observer and FCS-MPC under wind speed v w = 12 m s . It is clear that MRAS observer and FCS-MPC are robust against parameter uncertainties in R s and R r . The MRAS observer is still capable of estimating the rotor speed and position with good accuracy and FCS-MPC is still able to track the reference current, see Fig. 5 . Moreover, the robustness with respect to changes (due to magnetic saturation) in the mutual inductance L m is investigated. Therefore, L m is increased by 10% at t = 0.3s. Fig. 6 shows the simulation results of the proposed MRAS observer and FCS-MPC for this scenario under wind speed v w = 12 m s . Again, MRAS observer and FCS-MPC show a good estimation and control performance and are robust against parameter uncertainties. Figure 7 illustrates the FCS-MPC performance of the GSC under the same wind speed as shown in Fig. 4 . Again, the GSC control system guarantees tracking of the constant reference DC-link voltage and of the reference d & q currents as shown in Fig. 7 . Finally, the robustness of the proposed FCS-MPC with respect to changes in the filter resistance R f and inductance L f is investigated. Therefore, R f and L f are increased by 25% at t = 0.3s. Fig. 8 shows the simulation results of the proposed FCS-MPC for this scenario under wind speed v w = 10 m s . Again, the proposed FCS-MPC for GSC shows a good control performance and is robust against parameter variations of the filter. for RSC tracks the reference currents for all the operation conditions and is robust against parameter variation of the DFIG. Thus, tracking of the maximum power from the wind turbine is guaranteed. Moreover, the proposed FCS-MPC for the GSC tracks the reference currents for all the operation conditions and is robust against parameter variation of the output filter. Therefore, a constant DC-link voltage is ensured.
